Individual susceptibility to the toxic effects of cigarette smoke may be modified by inherited variability in carcinogen metabolism. The purpose of the present study was to investigate pancreatic cancer risk associated with cigarette smoking and 33 variants within carcinogen metabolism genes and examine whether these variants modify the association between smoking and pancreatic cancer. A population-based study was conducted with 455 pancreatic cancer cases and 893 controls. Epidemiological and smoking data were collected from questionnaires and variants were genotyped by mass spectrometry. Age-and sex-adjusted odds ratio (ASOR) and multivariate-adjusted odds ratio (MVOR) estimates were obtained using multivariate logistic regression, and interactions between each variant and smoking were investigated. Current smoker status [MVOR 5 2.29, 95% confidence interval (95% CI): 1.62, 3.22], 10-27 pack-years (MVOR 5 1.57, 95% CI: 1.13, 2.18), >27 pack-years (MVOR 5 1.77, 95% CI: 1.27, 2.46) and longer durations of smoking (19-32 years: MVOR 5 1.46, 95% CI: 1.05, 2.05; >32 years: MVOR 5 1.78, 95% CI: 1.30, 2.45) were associated with increased pancreatic cancer risk. CYP1B1-4390-GG (ASOR 5 0.36, 95% CI: 0.15, 0.86) and Uridine 5'-diphospho glucuronosyltransferase 1 family, polypeptide A7-622-CT (ASOR 5 0.77, 95% CI: 0.60, 0.99) were associated with reduced risk. N-acetyltransferase 1-640-GT/GG (ASOR 5 1.75, 95% CI: 1.00, 3.05), GSTM1 (rs737497)-GG (ASOR 5 1.41, 95% CI: 1.02, 1.95), GSTM1 gene deletion (ASOR 5 4.89, 95% CI: 3.52, 6.79) and glutathione S-transferase theta-1 gene deletion (ASOR 5 4.41, 95% CI: 2.67, 7.29) were associated with increased risk. Significant interactions were observed between pack-years and EPHX1-415 (P 5 0.04) and smoking status and N-acetyltransferase 2-857 (P 5 0.03). Variants of carcinogen metabolism genes are independently associated with pancreatic cancer risk and may modify the risk posed by smoking.
Introduction
In Canada, there were $4000 new cases and 3900 deaths from pancreatic cancer in 2010 (1) with an overall 5-year survival of 5% (2) . Even among those who undergo surgical resection with curative intent, clinical outcomes are not optimal with the 5-year survival of resectable patients being $15-20% (3). Such poor prognosis emphasizes the importance of a better understanding of modifiable pancreatic cancer risk factors and improved primary prevention.
Numerous studies, such as those that have examined cohorts of men (4) and women (5) , conducted in different continents, such as North America (6) , Europe (7) and Asia (8) and using large multicenter designs (9) have all suggested that cigarette smoking is a risk factor for pancreatic cancer. Two recent meta-analyses (10,11) on smoking status and pancreatic cancer yielded pooled relative risk estimates between 1.20 and 2.10, depending on the studies included and the definition of smoking status used. In addition, dose-response relationships have been demonstrated with higher cigarette consumption and longer smoking duration with increased pancreatic cancer risk, which may persist even 10 years after quitting (10) .
Cigarette smoke contains numerous known carcinogens, such as polycyclic aromatic hydrocarbons, N-nitrosamines, aromatic amines, 1,3-butadiene, benzene, aldehydes and ethylene oxide (12) . Direct evidence of nitrosamines, heterocyclic amines, aromatic amines and reactive oxygen metabolite-mediated DNA damage has been demonstrated in pancreatic tissue in both human specimens and animal models (13) (14) (15) (16) (17) . Since several carcinogens are metabolized by xenobiotic-metabolizing enzymes such as cytochrome P450 (CYP) enzymes (18) , it is plausible that variants of CYP and other metabolic genes are associated with individual variability in carcinogen metabolism and subsequent risk for pancreatic cancer development.
Few epidemiological studies have investigated the hypothesis of genetic polymorphisms modifying the association between smoking and pancreatic cancer, yielding mixed results. Duell et al. (19) report an increased risk for pancreatic cancer among heavy smokers with glutathione S-transferase theta 1 (GSTT1)-null genotype, whereas three other studies (20) (21) (22) report no association between GSTT1 genotype and pancreatic cancer risk. Similarly, results of studies regarding N-acetyltransferase 1 (NAT1) and N-acetyltransferase 2 (NAT2) (23) (24) (25) (26) (27) and Uridine 5'-diphospho glucuronosyltransferase 1 family, polypeptide A7 (UGT1A7) (28) (29) (30) have been conflicting. These mixed results make it challenging to draw definite conclusions and furthermore, the majority of studies in this area has investigated only a small number of variants and is limited by small sample sizes. The present study is a large population-based case-control study, investigating the possibility of effect modification by functionally important carcinogen metabolism gene variants of the association between cigarette smoking and pancreatic cancer risk. Our specific aims were to: (i) estimate the risk of pancreatic cancer associated with smoking; (ii) evaluate the association between variants of carcinogen metabolism genes and pancreatic cancer risk and (iii) determine if the association between smoking and pancreatic cancer is modified by these carcinogen metabolism gene variants.
Materials and methods

Study design
Population-based pancreatic cancer cases and population-based controls were recruited within Ontario, Canada. Pancreatic cancer cases were participants of the Ontario Pancreas Cancer Study (OPCS) and controls were participants of the Ontario Familial Colorectal Cancer Registry (OFCCR). The OPCS is one of seven study sites of the Pancreatic Cancer Genetic Epidemiology Consortium (31) , whereas the OFCCR is one of six sites of the Colorectal Cancer Family Registry (32) . Methodologies of the OPCS (6, 33) and the OFCCR (32,34) have previously been described but are briefly summarized below.
Participants
Cases had a primary pathology-confirmed adenocarcinoma of the pancreas or adenocarcinoma metastasis, confirmed as pancreatic cancer by treating physicians, diagnosed between April 2003 and July 2009 and initially identified through the population-based Ontario Cancer Registry. Patients with neuroendocrine tumors or cystadenocarcinoma of the pancreas are excluded from the OPCS and consequently excluded from our study. After consent to contact the patient was received from the treating physician, eligible cases were mailed three self-administered questionnaires-family history questionnaire, personal history (epidemiology) questionnaire, clinic patient questionnaire and a consent form. Blood samples, medical records and a tissue or tumor sample were requested and obtained from consenting participants. Initially 456 cases were eligible for analyses, however, one case had missing smoking data and was subsequently excluded from analyses. A small number of cases (8/455 cases, 1.76%) had a proxy respondent (for example, a spouse) complete the questionnaires on their behalf. The response rate for cases in the OPCS is estimated to be $30% (33) , which is consistent with other population-based studies of pancreatic cancer [e.g. (35, 36) ] due to the rapid fatality of this disease.
Population-based controls were initially recruited as controls by the OFCCR by random digit dialing methods and the Ministry of Finance Property Assessment Database during 2002-03. All controls did not report a personal history of colorectal or pancreatic cancer. Controls were mailed three self-administered questionnaires [family history questionnaire, personal history (epidemiology) questionnaire and diet questionnaire]. Initially 903 controls were eligible for analyses, however 9 controls had missing smoking data and 1 control failed genotyping of all variants of interest and were subsequently excluded. The response rate for controls in the OFCCR is estimated to be $61% (34) .
Data collection
Data on cigarette smoking and potential confounders were collected from the personal history (epidemiology) questionnaire and family history questionnaire. To account for potential changes in smoking behavior associated with cancer development and diagnosis, all smoking variables were calculated from a reference point of 2 years prior to pancreatic cancer diagnosis for cases and 2 years prior to questionnaire completion for controls. Three variables were derived to describe smoking behavior: (i) smoking status for participants was classified by never-smoker (never smoked or smoked less than a threshold of .100 lifetime cigarettes or .1 cigarette per day for !3 months), former smoker (smoked cigarettes .2 years prior to cancer diagnosis for cases and .2 years prior to questionnaire completion for controls) and current smoker (smoked cigarettes 2 years prior to cancer diagnosis for cases and 2 years prior to questionnaire completion for controls); (ii) smoking pack-years defined as the number of packs of cigarettes smoked per day multiplied by the number of smoking years reported at questionnaire completion and (iii) smoking duration defined as the number of years smoking cigarettes reported at questionnaire completion. To determine whether the risk of cancer among former smokers was associated with the timing of cessation, a variable to describe smoking cessation was also derived (categories: never-smoker, current smoker, quit ,5 years ago, quit 5-10 years ago and quit .10 years ago), and its potential association with pancreatic cancer was investigated.
DNA collection and genotyping
Peripheral blood specimens were obtained, and DNA was extracted from lymphocytes using either phenol-cholorform extraction or spin columns (Qiagen, Valencia, CA) and stored at 4°C. Sequence variants in genes encoding phase I and phase II enzymes known to be involved in smoking carcinogen metabolism were identified through literature searches and the National Center for Biotechnology Information single nucleotide polymorphism database (37) . Variants with a published minor allele frequency .5% were selected for analysis, with preference given to sequence variants with potential impact on enzyme activity. Genetic variants that were tested in the present study are listed in Table III . Genotyping of variants was performed in three multiplex PCR using the Sequenom iPLEX genotyping assay and MassARRAY MALDI-TOF Mass Spectrometry system (Sequenom, San Diego, CA). Samples were randomly aliquoted onto 384-well plates and blinded by disease status. All plates included positive and negative controls for each variant as well as a 10% repeat samples for quality control. Genotypes were analyzed using the MassARRAY Workstation 3.0 software and confirmed by visual assessment of the data.
Statistical analyses
Multivariate unconditional logistic regression analysis was conducted to obtain age-and sex-adjusted odds ratio (ASOR) and multivariate-adjusted odds ratio (MVOR) estimates for the association between cigarette smoking (defined as smoking status, pack-years and duration) and pancreatic cancer. To identify possible confounding variables that should be adjusted for in the multivariate models, seven risk factors for pancreatic cancer (ethnicity, body mass index, alcohol consumption, personal history of diabetes mellitus diagnosis, aspirin use, non-steroidal anti-inflammatory drug use and family history of pancreatic cancer) were evaluated as potential confounders separately for each of the three types of cigarette smoking exposure variables investigated and applying the 10% change in the odds ratio (OR) method (38) . Only potential confounders that changed the ASOR by .10% were deemed to be confounders and were subsequently adjusted for in multivariate models in order to build the most parsimonious multivariate models.
The possibility of effect modification between sex and cigarette smoking and polymorphism of each genotype investigated and cigarette smoking were investigated by conducting stratified analyses and using the likelihood ratio statistic comparing models with and without the interaction term at a statistically significant level set at P ,0.05.
Statistical analyses were conducted using SAS version 9.0 (SAS Institute, Cary, NC). Deviation from Hardy-Weinberg equilibrium (HWE) was tested for each variant in control subjects using HWE test in the genetics package (39) of R (40) with the statistical significance level set at P ,0.05.
Ethics approval
Ethics approval for this project was obtained from the research ethics board of University Health Network and Mount Sinai Hospital, Toronto, Ontario, Canada.
Results
In total, 455 pancreatic cancer cases and 893 controls had complete epidemiologic and genotyping data. The median age of diagnosis for cases was 65 years (range: 20-89 years) and 54% were male. The median age of questionnaire completion (recruitment) for controls was 64 years (range: 29-79 years) and 53% were male. Table I describes the distribution of cases, controls and ASOR estimates for subject characteristics and established pancreatic cancer risk factors. Non-Caucasian ethnicity, body mass index !30, personal history of diabetes mellitus, aspirin use, non-steroidal anti-inflammatory drug use and a first-or second-degree family history of pancreatic cancer were all significantly associated with increased pancreatic cancer risk. In contrast, alcohol consumption was associated with reduced pancreatic cancer risk. All variables were assessed for potential confounding of the smoking-pancreatic cancer association, and only ethnicity changed the ASORs .10%. As a result, ethnicity was added (to age and sex) to all multivariate models. Among former smokers, no statistically significant trend was observed between strata of smoking cessation (quit ,5 years ago, quit 5-10 years ago and quit .10 years ago) compared with either current or non-smokers and pancreatic cancer risk (results not shown). Sex stratified analyses and the likelihood ratio statistic also did not show a significant interaction between all three smoking variables and sex in the association between smoking and pancreatic cancer (results not shown).
Analysis of genotypes in the control population demonstrated that NAT2 341 T.C (P 5 5.61 Â 10 À13 ) deviated from HWE, whereas all other genetic variants described in this study were within HWE (P . 0.05) (results not shown). Table III illustrates genotype frequencies for cases and controls, and ASOR estimates for the association between each genotype and pancreatic cancer risk. The CYP1B1-4390-GG genotype was associated with reduced risk for pancreatic cancer (ASOR 5 0.36, 95% CI: 0.15, 0.86) as was the UGT1A7-622-CT (ASOR 5 0.77, 95% CI: 0.60, 0.99) genotype. The NAT1-640-GT and GG genotypes (combined) were associated with increased risk for pancreatic cancer (ASOR 5 1.75, 95% CI: 1.00, 3.05) as were the GSTM1-GG genotype (ASOR 5 1.41, 95% CI: 1.02, 1.95), GSTM1 gene deletion (ASOR 5 4.89, 95% CI: 3.52, 6.79) and GSTT1 gene deletion (ASOR 5 4.41, 95% CI: 2.67, 7.29).
Potential interactions between smoking and all genetic variants listed in Table III were investigated, and only the statistically significant and marginally significant results are shown in Table IV . Significant interactions were observed between pack-years and EPHX1-415
Cigarette smoking and pancreatic cancer risk (P 5 0.04) and smoking status and NAT2-857 (P 5 0.03). Compared with never-smokers, those with .27 pack-years and the EPHX1-415-AA genotype (MVOR 5 2.07, 95% CI: 1.37, 3.13) and those with 10-27 pack-years and the EPHX1-145-GG genotype (MVOR 5 17.39, 95% CI: 1.92, 157.35) were at significantly increased risk for pancreatic cancer. Compared with never-smokers, current smokers with the NAT2-857-GG genotype were at significantly increased risk for pancreatic cancer (MVOR 5 2.27, 95% CI: 1.59, 3.24). Marginally significant interactions were observed between pack-years and CYP1B1-142 (P 5 0.05) and smoking duration and GSTM3-del-AGG (P 5 0.06 
Discussion
A limited number of studies have examined the potential interactions between genetic variants, cigarette smoking and pancreatic cancer risk (19, (25) (26) (27) (28) , and as concluded by a recent review (41), the results of these studies have been difficult to interpret due to their small sample sizes. To address this limitation, we conducted a large population-based study with 1348 participants-to our knowledge, the largest population-based pancreatic cancer case-control study to date. We used three descriptors of smoking (smoking status, pack-years and smoking duration) in an attempt to be comprehensive in capturing the smoking behavior of participants.
Cigarette smoking and pancreatic cancer risk Consistent with the literature, the present study confirms that cigarette smoking is an established risk factor for pancreatic cancer (10, 11) . Current smokers were at the highest risk for pancreatic cancer with an estimated doubling of risk. We did not observe an obvious cessation year cut-off that conferred significantly reduced risk. However, doseresponse relationships were observed with increasing duration of smoking and pack-years conferring increased pancreatic cancer risk.
Association between selected genetic variants and pancreatic cancer risk-comparison to previous studies Numerous studies have investigated the potential roles of polymorphisms of carcinogen metabolism genes in lung cancer risk, where smoking is the dominant etiologic risk factor, with mixed results. Meta-analyses have failed to demonstrate an association between the NAT2 slow acetylator genotype (42), GSTT1 deletion (43) and lung cancer, whereas increased cancer risk were observed with the GSTM1-null genotype (OR 5 1.22, 95% CI: 1.14, 1.30) (44) and GSTP1-313-GG or AG genotypes (OR 5 1.11, 95% CI: 1.03, 1.21) (45) . Subgroup analysis among Caucasians demonstrated a potential interaction between the GSTP1-313 variant and pack-years history of smoking (45) . From this data in lung and other cancers, we therefore hypothesized that variants in carcinogen-metabolizing genes may be associated with smoking and pancreatic cancer risk.
CYP1B1-4390-A.G leads to Asn453Ser substitution (46, 47) . We found a reduced risk for pancreatic cancer associated with the CYP1B1-4390-GG genotype (ASOR 5 0.36, 95% CI: 0.15, 0.86). In contrast, Crous-Bou et al. (48) studied 129 pancreatic cancer cases and 19 controls and reported no difference in CYP1B1-4390 genotype frequencies between their cases and controls. Similarly, a recent study with 285 cases and 469 controls reported no association between polymorphisms in the CYP1B1 gene and pancreatic cancer (49) . However, given the paucity of studies to investigate CYP1B1 and pancreatic cancer and the small sample sizes, it is premature to draw conclusions regarding the potential role of CYP1B1 in pancreatic cancer development.
Following the observation that individuals with 4-aminobiphenyl-DNA adduct in their pancreatic tissues have the slow NAT1-1095-CC genotype, it has been proposed that NAT1 may be involved in pancreatic cancer development through the detoxification pathway of 4-aminobiphenyl (14) . We observed a marginally significant increased risk for pancreatic cancer among individuals with the G allele of NAT1-640 compared with those without (ASOR 5 1.75, 95% CI: 1.00, 3.05). Previous studies looking at NAT1 polymorphisms have reported a trend Regular use (at least once per week for at least 1 year) of aspirin/ acetylsalicylic acid 1 year prior to questionnaire completion for cases and regular use (at least twice a week for more than a month) of aspirin about 2 years prior to questionnaire completion for controls. g Regular use (at least once per week for at least 1 year) of Motrin, ibuprofen or other non-steroidal anti-inflammatory drugs 1 year prior to questionnaire completion for cases and regular use (at least twice a week for more than a month) of ibuprofen-based medications about 2 years prior to questionnaire completion for controls.
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(26) or statistically significant (25, 27) increase in pancreatic cancer risk associated with the Ã 10 (1088T.A, 1095C.A) and Ã 11 (V149I, T153T, S214A) alleles which code for the rapid phenotype.
Those with the UGT1A7-622-CT and CC genotypes were at reduced risk for pancreatic cancer (ASOR 5 0.77, 95% CI: 0.60, 0.99 and 0.73, 95% CI: 0.51, 1.05, respectively). These findings indicate a possible dominant mode of inheritance for this protective allele with a reduced risk observed for those with the C allele for UGT1A7-622 (CC/CT genotypes ASOR 5 0.76, 95% CI: 0.60, 0.97). Note that this is in contrast to previous findings by Ockenga et al. (28) , who report a nonsignificant increased risk associated with UGT1A7 Ã 4 allele (OR 5 1.25, 95% CI: 0.98, 2.71), which corresponds to the UGT1A7-622 CC genotype (50) in our study. Since UGT1A7-622 CC [UGT1A7 Ã 4, encoding W208R (50)] has been associated with slower glucuronidation compared with wild-type (50), it is uncertain as to how the C allele could be protective against pancreatic cancer, although slower glucuronidation may lead to detoxification of active metabolites by other phase II enzymes. Previous studies investigating polymorphisms of the UGT1A7 gene and pancreatic cancer risk have generally been mixed with two previous studies reporting no significant association (29, 30) and one study (28) reporting increased risk associated with the UGT1A7 Ã 3 allele, which results in N129K, R131K and W208R amino acid changes.
Contrary to previous reports that concluded that GSTM1 genotype is not associated with pancreatic cancer risk (19-21,23), we observed a statistically non-significant increased risk for pancreatic cancer among those with the GSTM1-AG genotype (ASOR 5 1.10, 95% CI: 0.60, 1.99) and a significantly increased risk for those with the GSTM1-GG genotype (ASOR 5 1.41, 95% CI: 1.02, 1.95) and GSTM1 gene deletion (ASOR 5 4.89, 95% CI: 3.52, 6.79). There appears to be a relationship between gene copy number and enzyme activity where individuals with homozygous GSTM1 gene deletion have the lowest enzyme activity, followed by heterozygotes and homozygotes. Individuals with both copies of the gene have the highest enzyme activity and are described to have 'ultrarapid' activity (51) (52) (53) . The marked increased pancreatic cancer risk associated with GSTM1 gene deletion that we report is plausible given that those with the null genotype have low enzymatic activity and thereby may have comparatively lower carcinogen metabolism (52, 53) .
Previous studies observed statistically non-significant increased pancreatic cancer risk associated with GSTT1 gene deletion (19) (20) (21) (22) , with OR estimates ranging from 1.01 (95% CI: 0.68, 1.49) (21) to 1.9 (95% CI: 0.59, 5.9) (19). We observed a significantly increased risk of pancreatic cancer associated with GSTT1 gene deletion (ASOR 5 4.41, 95% CI: 2.67, 7.29). Given the smaller sample sizes of previous studies compared with the present study, it is possible that previous studies had insufficient statistical power to detect a statistically significant increased pancreatic cancer risk associated with GSTT1 gene deletion. Biologically, the marked increase in pancreatic cancer risk associated with GSTT1 gene deletion is plausible as there also appears to be a dose-dependent effect between genotype and enzyme activity for GSTT1 (52) as demonstrated by two studies investigating GSTT1 activity (54, 55) ; namely GSTT1 gene deletion is associated with lowest GSTT1 activity, followed by GSTT1 heterozygotes and then wild-types having the highest activity.
Interaction between genetic variants and cigarette smoking with regards to pancreatic cancer risk We observed a marginally significant interaction effect of CYP1B1-142 on the association between pack-years and pancreatic cancer risk (P 5 0.05), with individuals with the CYP1B1-142-CG genotype having the highest pancreatic cancer risk. To our knowledge, this study is the first to investigate a potential interaction effect of CYP1B1-142 on smoking and pancreatic cancer. We also observed a marginally significant interaction of GSTM3 (P 5 0.06), which was notable upon comparing individuals with a GSTM3-deletion allele compared with those without. Our results suggest that the GSTM3-deletion allele may be protective against pancreatic cancer for varying durations of smoking, however given the inconsistency of our findings across the categories of smoking duration, it is difficult to interpret our results. One previous study investigated the role of the EPHX1 gene on pancreatic cancer risk and observed no main effect and also did not observe differences in smoking status among pancreatic cancer cases with different EPHX1 genotypes (56) . Although the present study similarly did not observe a main effect of EPHX1 on pancreatic cancer risk, we did observe a significant interaction effect of EPHX1-415 genotype on the association between pack-years and pancreatic cancer (P 5 0.04). However due to the lack of a clear pattern in our results, the interpretation of the effect of EPHX1 is not straightforward. Contrary to previous reports (24), we did not observe a main effect of NAT2 genotype on pancreatic cancer, but we do report a significant interaction effect of NAT2-857 on the association between smoking status and pancreatic cancer risk (P 5 0.03) that remained marginally significant when individuals with the NAT2-857 A allele were compared with those without (P 5 0.05); this appears to be Years smoked up to questionnaire completion for cases and controls. Categories based on tertiles of controls who were ever-smokers.
Cigarette smoking and pancreatic cancer risk consistent with a previous report that found significant interactions between smoking and NAT2 for men and women (25) . Finally, contrary to previous reports, we did not observe a significant interaction between CYP1A2 genotype and smoking (25, 27) ; however, consistent with another study (19) , we also did not observe an interaction between CYP1A1 genotype and smoking.
Cigarette smoking, genetic variants and pancreatic cancer mortality As our study did not collect survivorship data, we were unable to investigate the association of carcinogen metabolism gene variants and cigarette smoking with pancreatic cancer survival. Currently, the literature has limited studies on this topic. Although some studies have reported that cigarette smoking is associated with increased mortality from pancreatic cancer (57, 58) , to our knowledge, only one study has investigated the association of carcinogen metabolism gene variants with pancreatic cancer mortality. Jiao et al. (21) report that in their case-control study, pancreatic cancer patients receiving 5-fluorouracil treatment and having the GSTP1 Val/Val genotype had significantly longer survival with a median survival time of almost 36 months compared to patients with other GSTP1 genotypes. No associations were observed between GSTM1 and GSTT1 genotypes and pancreatic cancer survival (21) . The possible interaction between cigarette smoking and variants of carcinogen metabolism genes with pancreatic cancer mortality is an identifiable area in need of further research.
Strengths and limitations
Survival bias is a concern in all retrospective pancreatic cancer studies since the disease has such poor prognosis. Hence, differences between case participants and non-participants may limit the external validity of our findings. Since stage is not captured for most cases, we cannot assess response rate by stage in our dataset. Response bias is a possibility as our response rates are not ideal with estimates for cases and controls being $30% (33) and $61% (34), respectively. However, it should be noted that most studies of fatal cancers, such as pancreatic cancer, are plagued with poor response rates [e.g. (35,36) ]. Recall bias is also a possibility for self-reported behaviors like smoking; yet, the direction of the bias is unclear. Similarly, smoking behavior may change after cancer diagnosis; to account for this possibility we defined smoking status to the point of 2 years prior to cancer diagnosis and questionnaire completion for cases and controls, respectively, for comparability. As our analyses were limited to testing multiplicative interactions between genetic polymorphisms and smoking, the possibility of additive interactions cannot be excluded. Finally, although HWE was tested for all genetic variants investigated in the present study, one polymorphism that we investigated deviated from HWE (NAT2-341 T.C), and furthermore, the possibility of genotyping errors cannot be excluded. Despite limitations, our study also has notable strengths. First compared with most previous studies investigating effect modification by carcinogen metabolism polymorphisms, our study had a relatively larger sample size and consequently adequate statistical power to detect associations between genetic polymorphisms and pancreatic cancer that previously may have been undetected. However, it is noted that perhaps our sample size was still inadequate, particularly for analyses involving polymorphisms with low population prevalence as illustrated by the low frequencies observed for certain polymorphisms that we investigated. It is also noted that the investigations of interactions were largely hypothesis generating. Second as our study is population-based, our results may be more generalizable than previous studies with comparable samples sizes but used hospital-based designs (25) . Finally, since extensive data on personal health history, family history and diet were collected from participants, we were able to investigate potential confounding by several known pancreatic cancer risk factors and appropriately adjust for those that confounded the association of interest.
Conclusion
We report several findings regarding the interaction between carcinogen metabolism gene variants, cigarette smoking and pancreatic cancer risk. CYP1B1-4390-GG genotype was associated with reduced pancreatic cancer risk. Similarly, the UGT1A7-622-CT genotype was associated with reduced risk, as was the C allele of UGT1A7-622. The NAT1-640 G allele was associated with increased pancreatic cancer risk, as were the GSTM1-GG genotype and the deletion of the GSTM1 gene and GSTT1 gene. Non-significant interactions were observed between CYP1B1-142 genotype and pack-years and GSTM3 deletion allele and smoking duration. Statistically significant interactions were observed between EPHX1-415 genotype and pack-years and NAT2-857 genotype and smoking status. We conducted one of the largest and most comprehensive casecontrol studies to date on the main effects and interactions of carcinogen metabolism genes and smoking among 455 pancreatic cancer cases and 893 controls. Despite our modestly large sample size, we were admittedly underpowered for analyses of variants of lower population prevalence, indicating the need of studies with even greater sample sizes in the future. As some of our findings are among the first in the genetic epidemiology of pancreatic cancer, replications of our findings are necessary to confirm our results. 
